The anaerobic oxidation of methane (AOM) is an important methane sink in marine ecosystems mediated by still uncultured Archaea. We established an experimental system to grow AOM communities in different sediment samples. Approaches to show growth of the slow-growing anaerobic methanotrophs have been either via nucleic acids (quantitative PCR) or required long-term incubations. Previous long-term experiments with 13 C-labelled methane led to an unspecific distribution of the 13 C-label. Although quantitative PCR is a sensitive technique to detect small changes in community composition, it does not determine growth yield. Therefore, we tested an alternative method to detect a biomass increase of AOM microorganisms with 15 N-labelled ammonium as Nsource. After only 3 weeks, significant 15 N-labelling became apparent in amino acids as major structural units of microbial proteins. This was especially evident in methane-containing incubations, showing the methane-dependent uptake of the 15 N-labelled ammonium by microorganisms. Cell counts demonstrated a two-and fourfold increase at ambient or elevated methane concentrations. With denaturing gradient gel electrophoresis, over 6 months incubation no changes in community composition of sulphate-reducing bacteria and archaea were detected. These data indicate doubling times for AOM microorganisms between 2 and 3.4 months. In conclusion, the 15 N-labelling approach proved to be a sensitive and fast way to show growth of extremely slow-growing microorganisms.
Introduction
The anaerobic oxidation of methane (AOM) is a key process that regulates the global flux of methane from marine sediments (Reeburgh et al., 1976; Martens et al., 1986) . Recently, the presence of AOM has also been shown for terrestrial (Alain et al., 2006) and freshwater (Eller et al., 2005; Raghoebarsing et al., 2006) ecosystems. Molecular and biogeochemical studies have shown for marine environments that the microorganisms responsible for AOM consist of a consortium of archaea (ANME), and sulphate-reducing-bacteria (SRB) (Hinrichs et al., 1999; Boetius et al., 2000; Niemann et al., 2007) .
The enrichment of AOM communities under laboratory conditions for physiological and biogeochemical studies is complicated due to very slow growth and long experimental times needed. Recently, the establishment of laboratory systems for functional studies permitted documentation of important physiological properties of AOM microorganisms and their regulation by key environmental parameters (Alperin & Reeburgh, 1985; Hoehler et al., 1994; Nauhaus et al., 2002 Nauhaus et al., , 2005 Girguis et al., 2003 Girguis et al., , 2005 . These findings, in addition to analyses of methanogenic genes and enzymes at AOM sites (Hallam et al., , 2004 Krüger et al., 2003) , suggest that AOM is in principal a reversal of methanogenesis. However, due to the lack of pure or enriched cultures, detailed study of the biochemistry of AOM in laboratory experiments remains a challenge. Girguis et al. (2003 Girguis et al. ( , 2005 reported on a continuous-flow incubation system that generated an enrichment of AOM microorganisms in sediment cores, indicated by increased AOM rates and abundances of ANME 16S rRNA genes. Nauhaus et al. (2007) used high-pressure incubation vessels to apply elevated methane partial pressures for the AOM community in sediment samples, and observed slowly increasing numbers as well as activity of AOM consortia over a period of 2 years.
As an alternative, tracer studies employing 13 C-labelled compounds as a source for energy and carbon can be used as a rapid and sensitive tool to detect the growth of selected microbial communities. The incorporation of 13 C into the lipid fraction to identify metabolically active -and thus most likely growing -microorganisms has been shown to be a sensitive approach to trace microbial growth (e.g. Boschker et al., 1998; Geyer et al., 2005; Nijenhuis et al., 2007) . Blumenberg et al. (2005) observed a slow uptake of 13 CH 4 -carbon into different microbial groups during long-term incubations of AOM mats from the Black Sea, showing the use of methane as growth substrate. However, these incubations led to a broad and unspecific distribution of the 13 Clabel in the microbial community. High turnover rates of the methane to CO 2 in the mats due to low energy yield of this process (Hoehler et al., 1994) were contrasted by a very low incorporation into, in particular, the archaeal biomass. This extensive recycling of the carbon within the community led to a labelling of multiple populations, thus limiting the 13 Ctracer approach. Furthermore, inhibitory effects of pure 13 CH 4 on enrichment cultures can negatively affect the growth of the AOM community (Dumont & Murrell, 2005, M. Krüger, unpublished data) . Consequently, low concentrations of 13 CH 4 have to be used in culture experiments. The sensitivity of such a labelling experiment decreases even further when growth rates of the targeted communities are low.
To avoid these problems, we employed an alternative labelling method using the heavy nitrogen isotope 15 N to detect the biomass increase of slow-growing AOM microorganisms. Labelling strategies with 15 NH 4 1 have been used for protein turnover studies (Cargile et al., 2004; Snijders et al., 2005 Snijders et al., , 2006 and are an effective way to measure the de novo synthesis of amino acids and protein during microbial growth.
15 N-ammonium, which cannot serve as electron acceptor, was provided as the sole source of nitrogen for biomass synthesis for methane-dependent microbial growth. Thus, the active and growing part of the microbial community became labelled by de novo synthesis of proteins needed for anaerobic methane oxidation as well as for cell growth. We used sediment samples from two habitats known for AOM activity to study the enrichment of AOMrelated biomass in in vitro experiments. Rate measurements were combined with the determination of total N and C contents and the use of a 15 N-labelled nitrogen source. The subsequent analysis of 15 N-signatures of cells and extracted amino acids was used to visualize a biomass increase of AOM communities. Denaturing gradient gel electrophoresis (DGGE) analysis and epifluorescence microscopy were used to detect possible changes of the microbial community during the experiments.
Materials and methods
Origin and storage of samples Sediment samples from Hydrate Ridge (HR, north-east Pacific) were collected during a RV Sonne cruise in July 2002 at the southern summit in 780 m water depth (Boetius et al., 2000; Treude et al., 2003) . For these experiments, sediment from 1-4 cm depth was used. Directly after retrieval, samples were separated according to depth and stored anoxically in glass bottles at 5 1C with either methane or N 2 /CO 2 [90 : 10 (v/v) ] in the headspace until further processing in the laboratory, which took place from September 2002 until May 2003 . Gulf of Mexico (GM) samples were collected in July 2002 from a cold seep in lease block GC185 at a depth of c. 560 m (Joye et al., 2004; Orcutt et al., 2005) . The sampling site is characterized by methane and hydrocarbon seepage and the frequent occurrence of surface-breaching gas hydrates. Sampling and storage of sediment was as described above for HR samples. Both HR and GM sites have been described in detail as regards microbiology and geochemistry (Boetius & Suess, 2004; Joye et al., 2004; Orcutt et al., 2005) .
Anoxic incubations
Experiments were carried out in glass tubes (20 mL) sealed with butyl-rubber stoppers and screw caps. For HR and GM, 3 mL of sediment slurry with 9 mL artificial seawater medium (Widdel & Bak, 1992) were used as described in Nauhaus et al. (2002) . All sediment manipulations were performed under an atmosphere of N 2 /CO 2 [90 : 10 (v/v) ] in an anoxic glove chamber (Mecaplex). The headspace of the incubation tubes consisted either of methane (100%) or of N 2 /CO 2 [90 : 10 (v/v), for controls]. Triplicate tubes were incubated horizontally at 12 1C and gently shaken once a day to facilitate mixing of methane and sulphate. Higher partial pressures of methane were applied using a high-pressure incubation device as described in Nauhaus et al. (2002) . Sulphate reduction rates were calculated per gram dry weight (g dw ) of sediment. Rates for sulphate-dependent AOM were obtained indirectly by subtracting rates in the controls from those with methane as substrate. The dry weight was determined after drying at 80 1C for 48 h.
Experiments with pure cultures
Pure cultures of Methanosarcina mazei (Msm, DSMZ 3318) and Desulfobacter autotrophicum (Dba, DSMZ 2057) were incubated in artificial seawater medium (see above) with methanol or lactate as substrate at 28 and 37 1C, respectively. The gas phase consisted of either N 2 /CO 2 or H 2 /CO 2 , depending on the experiment. Growth was followed photometrically as increase in absorption at 600 nm.
To investigate possible effects of an increasing 15 N-ratio (0%, 25%, 50%, 75%, 100%) in the medium on pure cultures and environmental samples, the 14 N-NH 4 was replaced by respective amounts of 15 N-NH 4 during preparation of the anaerobic medium. Incubations were then carried out as described above, and growth and microbial activities were determined regularly. At the end of incubations, cells were harvested on glass fibre filters (GF/F, 0.7 mm, Whatman, Maidstone, UK) for the determination of dry mass and 15 N content.
Epifluorescence counts of the consortia
At several points during a time course experiment with GM sediment, defined samples were withdrawn for the determination of cell numbers. Samples of sediment slurries (0.5 mL) were fixed with 4% paraformaldehyde solution as described previously (Eller et al., 2001) . Dilutions of these samples were filtered on polycarbonate filters (GTTP, 0.2 mm pore size; Millipore, Eschborn, Germany), stained with Acridine Orange (Meyer-Reil, 1983 ) and counted with an Axioplan microscope (Zeiss, Oberkochen, Germany). Several filters for each sample were used to quantify cell numbers in the incubations. For each sample, 500-1000 cells were counted. Prior to determination of cell numbers, the composition of the microbial community in one sample was analysed via FISH with the probes EelMS932 (ANME-2) À 350 (ANME-1), DSS658 for Desulfosarcina/Desulfococcus (Boetius et al., 2000) , ARCH915 and EUB338 (Amann et al., 1990) . However, the samples were too heterogeneous to allow statistically robust counting of AOM consortia. Thus, only the Acridine Orange method was used to quantify total cell numbers.
Molecular community analysis
DNA extraction was carried out using the Fast DNA for Soil Kit (Fast DNA Spin Kit for soil, BIO 101, Q-Biogene, Heidelberg, Germany), according to the manufacturer's protocol. To amplify the 16S rRNA gene of eubacteria, the primer set 533f/907r (Weisburg et al., 1991) was used. For SRB the primers aps1F (5 0 -TGGCAGATCATGATYMAYGG-3 0 ) and aps4R (5 0 -GCGCCAACYGGRCCRTA-3 0 ) amplifying the functional gene aprA coding for the adenosine-5-phosphosulphate (APS)-reductase (Meyer & Kuever, 2007) were used. For DGGE the backward primer was labelled at the 5 0 -end with a GC-clamp (Wise et al., 1999) . The 16S rRNA gene of Archaea was amplified with the primer set 340F and 915R (Coolen et al., 2002) . Furthermore, a primer set targeting the mcrA gene of the methyl-CoM-reductase, a key enzyme for methanogenic archaea, was used (after Hales et al., 1996; Watanabe et al., 2004) . All approaches were combined with subsequent DGGE analysis carried out in a Dcode System (BioRad, Germany) for 22 h at 60 1C, with denaturing gradients of 30-60% and acrylamide concentrations of 6-8% and subsequent sequencing of selected bands (for details see Eller et al., 2005) . These were checked for next relatives by BLAST search in the recent Genbank Data Library (http://www.ncbi.nlm.nih.gov/BLAST/).
Analytical procedures
Sulphide was determined based on the formation of copper sulphide (Cord-Ruwisch, 1985) . Methane in pure culture experiments was determined using a GC 14B gas chromatograph (Shimadzu) as described in Nauhaus et al. (2002) . For determination of total N, C and 15 N contents, cultures or sediment slurries were transferred to glass fibre filters (GF/F, pore size 0.7 mm, Whatman) which had been combusted at 450 1C, washed with 0.1 N HCl and dried at 80 1C for 48 h to remove any organic and inorganic residues. Filters containing sample were washed with 0.1 N HCl and rinsed with milliQ water to remove carbonates and ammonia from the samples. Carbon and nitrogen contents were determined using a carbon and nitrogen (CN) analyser (NA 1500 Series, Fisons, Rodano). The 15 N content of cultures and slurries was determined with an elemental analyser (EA 3000, Eurovector, Milano, Italy) coupled via open split to an isotope ratio mass spectrometer (Delta Plus XP, Thermo Electron, Bremen, Germany). Dry samples were placed in tin-cartridges and the weight was determined prior to elemental analysis.
Nitrogen isotope analysis of amino acids
Whole sediment samples were acid hydrolysed (6 M HCl) for 22 h at 110 1C under a nitrogen atmosphere. An aliquot of the hydrolysate was dried. The amino acids were esterified with isopropanol and subsequently trifluoroacetylated to obtain derivatives emenable to GC-MS analysis (for details see Silfer et al., 1991) . Prior to the derivatization procedure an internal standard of known concentration [trans-4-(aminomethyl)-cyclohexanecarboxylic acid] was added to the samples in order to determine the concentration of amino acids. A standard mixture containing alanine (Ala), glycine (Gly), threonine (Thr), serine (Ser), valine (Val), leucine (Leu), isoleucine (Ile), cysteine (Cys), proline (Pro), aspartate (Asp), methionine (Met), glutamate (Glu), phenylalanine (Phe), tyrosine (Tyr) and arginine (Arg) was treated identical and used to identify individual amino acids. The composition of the amino acid fraction and chemical purity of individual amino acids were analysed by GC/MS (Hewlett-Packard 6890 gas chromatograph coupled to a Hewlett-Packard 5973 quadrupole mass spectrometer, Palo Alto) as described by Kindler et al. (2006) . A fused silica capillary column (BPX-5, 30 m Â 0.32 mm Â 0.25 mm, SGE International Pty. Ltd) was used for separation of amino acids and the identification of the amino acids was performed by comparison of the retention times and the mass spectra of target amino acids with those of authentic amino acids.
For determination of the nitrogen isotopic composition of the amino acids, an isotope-ratio-monitoring GC combustion MSZ system (IRM-GC-C-MS) consisting of an isotope-ratio mass spectrometer (MAT 252, Thermo Electron, Bremen, Germany) coupled to a gas chromatograph (HP 6890, Agilent Paolo Alto) via a combustion interface (GC/C III, Thermo Electron, Bremen, Germany) was used. Analytical details for the 15 N-analysis of amino acids are described in Hoffman et al. (2003) . A fused silica capillary column (BPX-5, 30 m Â 0.32 mm Â 0.25 mm, SGE International Pty. Ltd) was used for separation of the amino acids. The GC conditions for separation are described by Kindler et al. (2001) . After combustion to N 2 and CO 2 , the CO 2 was trapped using liquid nitrogen before determination of the 15 N/ 14 N ratio. The isotope composition of nitrogen was reported vs. air as the international reference value. Unfortunately, control samples for analysis of tyrosine and proline were lost during preparation.
Nucleotide accession numbers
All sequence data have been submitted to the EMBL database (http://www.ebi.ac.uk) under accession numbers AJ756440 to AJ756459 for sequences of DGGE bands.
Results and discussion
Pure culture experiments with 15 
N-labelled ammonium
To study the use of 15 N labelling for the detection of slowgrowing anaerobic methanotrophs, two sediment types were selected which are known to have high AOM activity. The microbial AOM communities in the sediments were dominated by ANME-2 in HR (Boetius et al., 2000) and ANME-1 in GM samples (Orcutt et al., 2005) . As a low growth yield for AOM-related biomass was expected, given the minimal energy yield of this process (Hoehler et al., 1994) , a sensitive method was needed to detect small increases in biomass. Unfortunately, a fraction of more than 25% of the 13 Cmethane in the headspace reduced AOM in the present and other AOM samples by 30-80% (Blumenberg et al., 2005; M. Krüger, unpublished data) . This was probably due to the inability of the microbial communities to use sufficient amounts of the labelled methane as substitute for the 12 CH 4 to sustain viability. Such inhibitory effects during 13 C tracer experiments have also been reported from aerobic degradation studies with ring-labelled toluene (Fang et al., 2004) . In addition to inhibitory effects on total metabolism, anaerobic microorganisms may use other carbon sources such as CO 2 for biomass synthesis, in particular when 13 C methane hinders metabolism. In this case sensitive tracer techniques such as phospholipid fatty acid (PLFA) or ether lipid analysis techniques to demonstrate metabolism have to be used with caution (Fang et al., 2004) .
Because microbial biomass consists to a major extent of proteins and proteins are reactive components in the degradation of organic substrates, a 15 N-labelling approach was chosen as an alternative to a 13 C tracer experiment. Proteins consist to a large extent of N, and their synthesis is essential for maintenance of metabolic reactions as well as for growth. Krüger et al. (2003) observed that methanotrophic ANME-1 organisms contain extremely large amounts, more than 10% of total proteins, of a methanogen-related protein presumably mediating the first step in AOM. Thus, the labelling of amino acids with 15 N upon biosynthesis might provide a faster way to quantify growth of AOM-related microorganisms in environmental samples in comparison with 13 C-methane tracer experiments. In particular, as previous studies have shown a very low uptake of carbon by ANME archaea (Blumenberg et al., 2004) , the use of 15 N becomes advantageous. A specific labelling of biomass with 15 N in CH 4 -dependent incubations might subsequently be used in combination with further analyses, such as metaproteomics or cell sorting, to provide novel mechanistic insights into this process.
To analyse potential inhibitory effects of the added 15 Nlabelled nitrogen source for the microorganisms, pure culture experiments were carried out with different ratios of 14 N-and 15 N-ammonia. The methanogenic archaeon Methanosarcina mazei and the sulphate-reducing bacterium Desulfobacter autotrophicum were chosen for a first tracer experiment with 15 N-ammonia as sole N-source. Both are marine organisms and are phylogenetically as well as physiologically related to the ANME or Desulfosarcina found in the AOM consortia.
Incubations with these pure cultures showed that even a complete substitution of the nitrogen source with 15 Nammonium did not negatively affect growth and activities of Methanosarcina mazei or Desulfobacterium autotrophicum (Table 1) . No differences in methane production or sulphate reduction were observed in incubations with up to 100% 15 N-labelled ammonium (Table 1) . In all tubes the OD reached after 7 days of incubation were in the same range, independent of the amount of 15 N in the medium. Furthermore, the label was immediately taken up by the growing microorganisms, leading to a significant and easily detectable increase of 15 N content in biomass. Even 10% 15 N-ammonium in the medium led to a significant increase in 15 N in the biomass of both cultures from 0 to 7.45 and 11.21 at.% in Methanosarcina mazei and Desulfobacter autotrophicum, respectively (Table 1 ). This enrichment in 15 N increased further when the labelling was increased to 50% or 100% 15 N-ammonium. To exclude any isotopic fractionation effects during ammonium assimilation for the subsequent incubations with the environmental samples, 100% 15 NH 4 was always applied.
15N-labelling of AOM-biomass

Blumenberg et al. (2005) applied
13 C-labelled methane to anaerobically methane-oxidizing mats from the Black Sea to trace carbon flow among AOM microorganisms. After several months of incubation, the 13 C-label had been incorporated into a variety of bacterial and archaeal biomarkers. In contrast to the rapid and intense labelling of many bacteria, the uptake by ANME was very low, most likely due to the slow growth of these organisms (Girguis et al., , 2005 Nauhaus et al., 2007) . During such month-long incubations, the distribution of the 13 C-label via metabolic products such as carbon dioxide is quite broad and often not particularly specific. High turnover rates of methane to CO 2 are needed due to the low energy yield of this reaction (Hoehler et al., 1994) , leading to a large pool of isotopically light CO 2 in the systems. The intense recycling of the carbon within the community leads to a labelling of multiple populations, limiting the efficiency and specificity of a targeted 13 C-tracer approach. Therefore, we developed an alternative method for the labelling of newly grown biomass which circumvents the above complications related to 13 C. The incorporation of 15 N from labelled ammonia was used to trace the expected slow growth of AOM-dependent microorganisms in two sediments with high AOM activities. Generally, 15 N-labelling techniques have been used to study N turnover processes and fluxes in the environment (e.g. Gribsholt et al., 2005 Gribsholt et al., , 2006 Providoli et al., 2005; Veuger et al., 2005) or for protein turnover studies (Cargile et al., 2004; Ambrosius et al., 2005; Snijders et al., 2005 Snijders et al., , 2006 .
The addition of 100% 15 NH 4 to the HR and GM sediments did not inhibit AOM activity (Fig. 1a) . During an incubation period of 3 months the sediment samples became significantly enriched in 15 N compared with the original sample. The 15 N content of methane-free controls increased from 0.66 AE 0.07 to 1.54 AE 0.14 at.% in HR and 0.53 AE 0.06 to 2.70 AE 0.15 at.% in GM samples (Figure 1b) . The addition of the substrate methane led to three-and sevenfold higher increases in 15 N values in the HR and GM samples, respectively. Furthermore, the 15 N-labelling was even more pronounced (9.44 AE 0.54 and 22.68 AE 1.45 at.%) under elevated methane pressures, a consequence of the higher AOM activity due to the higher availability of CH 4 . In contrast, in controls without methane an analogous increase in hydrostatic pressure did not increase 15 N labelling. Subsequently, a set of control incubations was performed to successfully exclude the labelling of sediment particles by physicochemical processes and to investigate incorporation into the biomass by non-AOM-related processes. These included a time course experiment which was carried out with GM samples over 6 weeks. The 15 N content steadily increased over time, reaching 7.26 AE 0.13 and 12.19 AE 0.65 at.% without and with methane, respectively (Fig. 1c) , thus demonstrating an uptake by microorganisms and excluding adsorption onto sediment particles. At the end of the experiments, these incubations were used to analyse the total hydrolysable amino acids as an indicator of microbial biomass. As most of the amino acids in the microbial biomass are structural units of proteins, the specific 15 N signature of the amino acids can be used as an indicator of the incorporation of 15 N into the microbial biomass and thus of growth. The average 15 N content of amino acids increased from 0.44 AE 0.012 at.% in controls to 16.49 AE 0.54 and 25.12 AE 0.81 at.% in incubations without and with methane, respectively. All single amino acids showed a strong increase in 15 N compared with the starting point, which was even more pronounced in the presence of methane (Fig. 1d) . This again confirmed that the 15 N-ammonium was actually taken up into the microbial biomass, and not only adsorbed onto sediment particles. Furthermore, in sediment-free incubations with AOM mats from the Black Sea (Michaelis et al., 2002) , a similar methane-dependent 15 N-labelling of the mats was observed (data not shown). 
Changes in C and N contents of the sediments
In addition to documenting increases in 15 N abundance, changes in total C and N contents were determined for GM and HR samples to clarify the increase in N, and to exclude a simple exchange of nitrogen isotopes in the samples. The contents of both organic C and N increased over time, especially in the samples with methane (Table 2) . For GM samples, the N content of the sediment increased during 3 months of incubation from 0.45 AE 0.002 to 0.49 AE 0.003 and 0.54 AE 0.008% with 0.15 and 1.5 MPa methane in the headspace, respectively. Without the addition of methane, no significant change in carbon or nitrogen content was observed. The total carbon content as well as the C/N ratio increased during the incubation with methane at ambient pressure, but decreased in the high-pressure incubations (Table 2 ). This is most likely a consequence of dying and lysing cells that were not methane-dependent. Similar Table 2 . Changes in carbon and nitrogen content, and the C/N ratio in samples after incubation for 3 months under ambient or elevated methane partial pressures (1. Values are mean AE SD, n = 3-5. ND, not determined. patterns were observed for the HR samples. The much higher carbon content and C/N ratio of the GM samples compared with HR is a consequence of the presence of indigenous oil hydrocarbons in the former sediments (Joye et al., 2004; Orcutt et al., 2005) .
The methane-driven increase of total nitrogen and carbon in all samples provides additional evidence of the growth of microbial biomass. Assuming that all of the additional nitrogen in the samples originated from biomass, the increase of the total nitrogen contents (Table 2 ) allowed us to estimate that microbial biomass in GM samples roughly increases by 10% and 20% after 3 months of incubation under atmospheric or increased methane pressures. For HR sediment, the increase of total N and consequently also of microorganisms was lower, c. 5% and 10%, respectively. These numbers correlate with the increase in total cell numbers detected by fluorescence microscopy. Subtracting the much smaller increase of biomass in the control experiments from that in the methane-supplemented incubations, AOM-related microorganisms indeed seem to dominate the newly grown biomass. In general, the observed biomass increase is comparable with the results of other studies in which different methodologies were used (Girguis et al., , 2005 Nauhaus et al., 2007) .
Although quantitative PCR analysis is a useful and rapid way to assess changes in gene copy numbers of selected microbial groups, also allowing determination of growth rates, it is not possible to gain information about the actual growth yield of the targeted microorganisms. Both gene copy number and cell size are highly variable between closely related microorganisms and the latter in particular also depends largely on the nutritional and activity state of the cell. The use of 13 C-tracers or, as here, 15 N-tracers, also allows the determination of growth yields. In combination with different incubation conditions it is possible to follow the growth of selected physiological groups of organisms, as done here for AOM. Consequently, the combination of stable isotope tracer techniques with molecular methods provides an ideal instrument to establish a link between metabolic pathways and the responsible microbial community.
Rates of sulphate-dependent AOM
Rates of sulphate reduction without the addition of methane in HR sediments were low (0.49 AE 0.025 mmol g dw À1 day À1 ; Fig. 2a ). In contrast, the GM samples showed a much higher background activity of 2.23 AE 0.31 mmol g dw À1 day À1 . This high sulphate reduction rate (SRR) without methane is probably driven by microbial consumption of the naturally occurring oil hydrocarbons (Joye et al., 2004; Orcutt et al., 2005) . The addition of methane increased SRR in HR and GM samples to 2.64 AE 0.36 and 8.77 AE 1.05 mmol g dw À1 day À1 , respectively, indicating sulphate-dependent AOM. A 10-fold increase in methane partial pressure led to increased AOM rates (Fig. 2a) , with a more pronounced increase in AOM rates in the HR samples. In a long-term experiment, GM sediment showed increasing AOM rates in subsequent incubation periods of 3 weeks each (Fig. 2b) . Rates increased from 6.5 AE 0.36 to 13 AE 0.94 mmol g dw À1 day À1 after 30 weeks of incubation, providing the first indications for growth of AOM-related microorganisms. These results are in good agreement with the rates published earlier for these sediments (Boetius et al., 2000; Treude et al., 2003; Joye et al., 2004; Krüger et al., 2005) . AOM only yields À 23.5 kJ mol À1 methane oxidized at atmospheric pressure (ca. 1.2 mM CH 4 in solution; Hoehler et al., 1994; Nauhaus et al., 2002) . Due to the low energy yield of this reaction the microbial community may use major parts of the energy derived from methane turnover for their maintenance, leading to slow growth of AOM-related biomass. The growth rate is expected to increase at elevated methane partial pressures, as the solubility of methane increases linearly with higher pressures ( Yamamoto et al., 1976) . Consequently, under in situ conditions, i.e. at 560-800 m water depth at HR or GM, with much higher concentrations of dissolved methane, the available free energy increases to À 40 kJ mol À1 , and growth conditions might be more favourable than in the laboratory. Nauhaus et al. (2007) used such a high-pressure system and observed slowly increasing numbers of AOM consortia under elevated methane concentrations over an incubation period of 2 years. In control incubations without CH 4 in the headspace rates decreased over time from 2.23 AE 0.31 at the beginning to 1.05 AE 0.12 mmol g dw À1 day À1 after 1-2 months in GM samples, due to the complete consumption of the easily degradable hydrocarbon fraction in the sediment.
Changes in microbial communities
To relate changes in activity, 15 N content and C/N ratio of samples to variations in AOM-dependent biomass, total microbial cells were counted in GM samples after Acridine Orange staining. The numbers of total microorganisms increased from 7.8 Â 10 9 AE 5.4 Â 10 8 to 1.64 Â 10 10 AE 3.5 Â 10 9 cells g dw À1 after 6 months in methane-amended incubations at ambient pressure. Without methane cell numbers decreased slightly to 9.4 Â 10 8 AE 3.4 Â 10 7 cells g dw À1 . At elevated methane concentrations under high-pressure cell numbers increased further to 3.2 Â 10 11 AE 4.1 Â 10 10 cells g dw À1 , but decreased even further in the controls to 2.4 Â 10 8 AE 4.5 Â 10 7 cells g dw À1 . The dominance of anaerobically methane-oxidizing archaea of the ANME-1 group previously reported for these sediments (Orcutt et al., 2005; Lloyd et al., 2006) was qualitatively verified again for selected samples using catalysed-reporter-deposition (CARD)-FISH with group-specific probes before and after the incubation with 15 NH 4 . The typical AOM consortium consisting of ANME-2 and SRB (Boetius et al., 2000) only accounted for a small fraction of the microbial community in this sediment, consistent with previous studies.
To visualize possible changes in the composition of microbial communities during the incubations, DGGE was carried out with different group-specific primer sets, targeting the 16S rRNA genes for bacteria, archaea or the functional genes mcrA for methanogenic and methanotrophic archaea and apsA for SRB. Over an incubation period of 6 months no substantial changes were detected in the banding patterns after amplification of apsA and to a certain extent also bacterial 16S rRNA genes from the sediment. This indicated a relatively stable composition of the SRB and Eubacteria communities (Fig. 3) , independent of the addition of methane. Further confirmation of the stability of the SRB community was obtained from the sequencing of excised bands, where bands of the same position in the DGGE gel yielded identical sequences (Table 3 ). The apsA gene sequences obtained from the bands all clustered within the Deltaproteobacteria, e.g. with Desulfobacter anilini or Desulfosarcina variabilis, which have been described for this and other methane-seep environments Lanoil et al., 2001; Mills et al., 2003 Mills et al., , 2004 Joye et al., 2004) . The same observations were made for the archaeal communities. Neither the 16S rRNA gene nor the mcrA gene-based primers showed evidence for changes in banding patterns over time. In contrast to the relatively diverse SRB populations, the archaeal diversity was
Bacteria
Sulphate-reducing bacteria . DGGE-based community analysis of total Bacteria (16S rRNA genes, lanes 1-5) and SRB (apsA genes, lanes 6-10) after an incubation period of 3 months under high CH 4 partial pressure (1.5 MPa). Samples in lanes 116, starting material; lanes 2-3, 7-8, controls after 3 months (no CH 4 ); lanes 415, 9110, community in sediment with CH 4 . Sequenced bands are marked and numbered. limited to one to two visible bands. After excision from the 16S gel and sequencing, these were identified as members of the ANME-1 (hydrocarbon seep clone Eel-BA28, 96% similarity) and the Methanosarcinales (Methanosaeta concilii, 93% similarity). In summary, substantial changes in community composition of the presumably AOM-related SRB and archaea during the enrichments studied by 16S rRNA gene and functional gene-based DGGE analysis did were not found, indicating stable, well-adapted methane seep communities at the different sites.
In conclusion, the 15 N-labelling approach proved to be a sensitive and fast technique to assess growth of slow-growing microbial populations. It represents a promising new, alternative tracer technique for functional studies in the field of microbial ecology. Thus far, the long incubation times needed and the broad distribution of the label in the community typical for 13 C-methane studies have hindered cell sorting approaches for methanotrophic archaea. In future studies, a combination of a 15 N-labelling technique, for example with cell sorting approaches of specifically labelled microorganisms, e.g. via flow cytometry (Kalyuzhnaya et al., 2006) and identification steps, may be used to characterize the microbial community capable of AOM in more detail. A subsequent isotopic analysis of sorted microbial groups or extracted proteins may show a group-specific increase in 15 N, indicating which microbial group is growing and is actually involved in AOM. Very recently, the use of 15 N-labelling in combination with DNA-SIP (Buckley et al., 2007) and the potential of single-cell stable isotope probing (SIP) experiments using nano-secondary ion MS (SIMS) (Kuypers & Jorgensen, 2007) have been reported, providing further options for this technique in future studies.
